A proper balance of lipid breakdown and synthesis is essential for achieving energy homeostasis as alterations in either of these processes can lead to pathological states such as obesity. The regulation of lipid metabolism is quite complex with multiple signals integrated to control overall triglyceride levels in metabolic tissues. Based upon studies demonstrating effects of the circadian clock on metabolism, we sought to determine if the central clock cells in the Drosophila brain contribute to lipid levels in the fat body, the main nutrient storage organ of the fly. Here, we show that altering the function of the Drosophila central clock neurons leads to an increase in fat body triglycerides. We also show that although triglyceride levels are not affected by age, they are increased by expression of the amyloid-beta protein in central clock neurons. The effect on lipid storage seems to be independent of circadian clock output as changes in triglycerides are not always observed in genetic manipulations that result in altered locomotor rhythms. These data demonstrate that the activity of the central clock neurons is necessary for proper lipid storage.
Introduction
Throughout evolution, the ability of humans to convert glucose to triglyceride for long-term storage has provided a competitive advantage during times of famine. However, in our current Western society where food is abundantly available, this thrifty phenotype has resulted in excess fat accumulation leading to 65% of adults in the United States being overweight and 30% being obese [1] . Clearly, a proper balance of the synthesis and breakdown of lipids is essential for reaching metabolic homeostasis, but the mechanisms responsible for controlling these processes are still not fully understood.
The regulation of lipid metabolism is a very complex process, utilizing a number of signals and pathways leading to lipid synthesis, breakdown or both [2] . Recent research has focused on understanding the regulation of lipid metabolism in liver and adipose tissue by the brain (reviewed in [3, 4] ). In mammals, the arcuate nucleus (ARC) of the hypothalamus serves as a main regulator of energy homeostasis by integrating signals from many circulating hormones. The ARC also receives neural inputs from other regions of the hypothalamus, one of these being the suprachiasmatic nucleus (SCN), the site of the central circadian clock [5] . The circadian system is, in fact, known to be a major regulator of metabolic activity, with profound metabolic phenotypes reported in clock mutant animals [6, 7] . However, analysis of underlying mechanisms has focused on autonomous effects of clocks located in metabolic tissues such as the control of gene expression by such clocks as well as interactions between clock proteins and metabolic factors in these tissues [8, 9, 10] . Despite the connection between the ARC and the SCN, little is known about the contribution of the central clock to metabolic processes.
The fruit fly, Drosophila melanogaster, is a well-established model of circadian rhythms and has recently become a powerful model to study the regulation of metabolism [11] . In Drosophila, as in mammals, the central clock is found in specific neurons of the brain, but clocks also exist in other body tissues [12, 13, 14] . However, effects of these different clocks on metabolic activity are poorly understood. We showed recently that the Drosophila fat body (equivalent of mammalian liver and adipose tissue) contains a circadian clock, which regulates the storage of glycogen and triglycerides [15] . Clocks in neurons also affect glycogen storage, but the specific neurons responsible were not identified and the control of triglyceride levels by neuronal clocks was not assessed [15] . Here, we sought to explore a role of the central clock neurons in the accumulation of lipids. We report that knocking down the function of the circadian gene, Clock (Clk) in central clock cells leads to increased triglycerides in the fly's fat body. We observe a similar phenotype when we trigger premature degeneration in these neurons. However, triglyceride levels are normal in arrhythmic flies that express the heat-sensitive ion channel dTRPA1 in the PDF neurons and in Pdf 01 mutants, suggesting that these neurons control fat storage independently of the circadian rest:activity output. In addition, over-expression of the clock gene, timeless (tim), in these neurons does not affect triglycerides although it reduces behavioral rhythmicity. Together, these findings indicate a non-circadian role for the central clock neurons in controlling overall energy homeostasis.
Materials and Methods

Fly genetics
Flies were grown on standard cornmeal molasses medium at room temperature. Prior to each experiment, 0-3 day old females were entrained for 2-3 days in a 12 h:12 h light:dark cycle at 25uC. For dTRPA1 experiments, flies were reared at 18-21uC and 0-3 day old flies were shifted to 27uC in 12 h:12 h light:dark conditions for seven days before being assayed. Fly strains used in this study include: iso 31 [20] .
Triglyceride and protein measurements
Fat bodies were dissected from abdomens of 4-7d old mated females as described previously [24] . Fat bodies were homogenized in lysis buffer containing 140 mM NaCl, 50 mM Tris-HCl, pH 7.4, 0.1% Triton X and 1X protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and triglyceride and protein measurements were made using the triglyceride LiquiColor kit (Stanbio Laboratory, Boerne, TX) and bicinchoninic acid protein assay kit (Thermo Scientific, Waltham, MA), respectively, according to manufacturer's instructions. Single balancer chromosomes were used to identify Gal4 and transgene only control flies for these experiments; since the single balancer chromosomes had no difference in triglycerides compared to wildtype chromosomes (data not shown), both wildtype and balancer chromosomes were denoted as ''+'' for clarity. Samples were collected at Zeitgeber time (ZT) 0, 4, 8, 12, 16, and 20 and averaged across all timepoints unless otherwise noted.
Behavior measurements
Flies were entrained in 12 h:12 h light:dark conditions for at least two days before assessing circadian behavior using the previously described DAMS system (Trikinetics, Waltham MA). The flies were maintained on 5% sucrose and 2% agar throughout the recording. Activity was collected in five-minute bins for a minimum of five days in constant darkness and analyzed using Clocklab software (Actimetrics) as described previously [22] .
Feeding measurements
Food consumption was measured over a 24-hour period using a modified version of the CAFÉ assay as described [15] . Briefly, flies were entrained in 12 h:12 h light:dark conditions for at least two days on regular food at 25uC. On the day of the assay, flies were flipped into vials with 1% agar as a water source and 5% sucrose in 5 ml calibrated glass micropipettes (VWR, West Chester, PA) as their only food source. After 24 hours, the amount of liquid food consumed was measured and was adjusted to take into account evaporation, which was measured using a sucrose-filled micropipette in a 1% agar vial without flies.
Results
Fat body triglycerides are unchanged across the circadian day and in clock mutants
To investigate the role of the circadian system in regulating lipid accumulation in Drosophila, we started by measuring triglycerides at different times of day as many circadian-regulated processes proceed in a cyclic manner. In Drosophila, the majority of stored triglycerides are found in the fat body, an organ analogous to the mammalian liver and adipose tissue [25] . Thus, we measured triglyceride levels in abdominal fat bodies dissected from wildtype animals entrained to a 12 h:12 h light:dark cycle. In contrast to feeding that occurs rhythmically over the course of the day [15] , fat body triglycerides remained constant at all time points tested (Fig. 1A) .
Although fat body triglycerides fail to cycle, it is possible that the circadian clock controls overall lipid levels. To address this question, we measured triglycerides in fat bodies of clock mutant animals, Clk Jrk , cyc 01 , tim 01 and per 0 , and compared these to an isogenized w 1118 wildtype control strain (iso 31 ), a background into which all of the clock mutant strains were outcrossed at least 5 times. Triglycerides were similar in all of these animals suggesting that an absence of circadian clocks in all cells does not perturb fat body lipid levels (Fig. 1B) .
Inhibiting the activity of the Clk transcription factor in PDF neurons increases triglycerides
We recently demonstrated that a peripheral clock in metabolic tissues promotes glycogen accumulation, while neuronal clocks oppose this action. Because of these opposing effects, circadian mutants that lack clocks in both metabolic and neuronal tissues have normal glycogen levels [15] . A similar regulation of lipid levels is suggested by the finding that disruption of the clock in metabolic tissues decreases triglycerides [15] while clock mutants have normal levels (Fig. 1B) . To determine if the central clock in females and compared to iso 31 controls. Each experiment was performed at least three times with greater than 65 animals assayed in total, and values represent mean 6 SEM. doi:10.1371/journal.pone.0019921.g001 particular affects fat body triglycerides, we used the Gal4/UAS system to specifically inhibit this clock. The central clock in flies is located in the ventral lateral neurons (LNvs), which specifically express the neuropeptide, pigment dispersing factor (PDF). As previously reported, expression of a dominant-negative form of the circadian transcription factor Clock (CLKD) in these neurons using Pdf-Gal4 inhibits the central clock [14] . Interestingly, ectopic expression of CLKD in LNvs led to an increase in fat body triglycerides, in particular when two copies of Pdf-Gal4 were used to express CLKD ( Fig. 2A, 2B) . A similar phenotype was observed when a ClkRNAi construct was expressed in these neurons using two copies of Pdf-Gal4 (Fig. 2C, 2D ). While the expression of CLKD eliminates overt rhythms of rest:activity, the RNAi construct resulted only in a lengthening of circadian period, indicating that it preserves general clock function (Table 1 , [14] ). Nevertheless, there was a significant effect on lipid levels. Triglyceride/protein ratios of fat bodies dissected from 4-7 day old Pdf-Gal4/UAS-ClkD and Pdf-Gal4/UAS-ClkD; Pdf-Gal4/+ female flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ and UAS-ClkD/+ controls. (B) Triglyceride/protein ratios of fat bodies dissected from 4-7 day old Pdf-Gal4/UAS-ClkD; Pdf-Gal4/+ male flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ controls. (C) Triglyceride/protein ratios of fat bodies dissected from 4-7 day old Pdf-Gal4/+; UAS-ClkRNAi/+ and Pdf-Gal4/+; PdfGal4/UAS-ClkRNAi female flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ and UAS-ClkRNAi/+controls. (D) Triglyceride/protein ratios of fat bodies dissected from 4-7 day old Pdf-Gal4/+; Pdf-Gal4/UAS-ClkRNAi male flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ controls. (E) Triglyceride/protein ratios of fat bodies dissected from 4-7 day old y w; Pdf 01 female flies and compared to y w controls. (A,C,E) Each experiment was performed at least three times with greater than 100 animals in total and values represent mean 6 SEM. *, # p,0.05 assessed by one-way ANOVA followed by post-hoc Tukey test compared to Pdf-Gal4 only and transgene only genotypes, respectively. (B,D) Each experiment was performed three times with greater than 40 animals in total, and the animals were dissected between ZT6-9. A representative experiment is shown and values represent mean 6 SD. * p,0.05 assessed by Student's t-test. doi:10.1371/journal.pone.0019921.g002
The neuropeptide PDF is not only a marker for the LNvs, it is also an important output of these neurons required for the maintenance of rest:activity rhythms [20] . PDF is positively regulated by the circadian transcription factors Clk and cyc [26] ; therefore, it is a good candidate for mediating the effects of CLK on triglycerides. However, triglyceride levels were normal in Pdf 01 mutants (Fig. 2E) , suggesting that other outputs are responsible for this effect. Together these data indicate that the central clock neurons affect lipid accumulation in the fat body, but do not do so through PDF.
Expression of a neurodegeneration-inducing protein in clock neurons results in elevated triglycerides
A physiological context during which normal circadian rhythms begin to break down is during aging. Specifically in Drosophila, the very robust locomotor activity rhythms decline as flies age [27] . Given that metabolic changes also occur with age, it is possible that triglyceride levels are affected by the aging process. To test this hypothesis, we aged wildtype iso 31 flies 50-55 days and compared their fat body triglycerides to those of young one-weekold flies. The triglyceride levels of the aged flies trended to be higher than the young ones, although the difference did not reach statistical significance (Fig. 3A) .
Our data indicate that normal aging does not have a profound effect on lipid accumulation. However, a number of age-related syndromes, such as neurodegenerative disorders, are associated with metabolic defects [28, 29] . Drosophila has been used successfully to model neurodegenerative disorders by expressing pathogenic forms of disease-causing genes in the fly's nervous system [30] . Interestingly, when we expressed Ab42ArcM, a pathogenic form of the amyloid protein shown to induce neurodegeneration [21] , in the central clock neurons using Pdf-Gal4, fat body triglycerides were elevated similarly to when CLKD and ClkRNAi were expressed in the same neurons (Fig. 3B) . No circadian behavioral phenotype was observed in the Ab42ArcM-expressing animals, suggesting that some function of the ventral lateral neurons, but not necessarily the clock in them, is important for regulating fat body triglycerides (Table 1) .
To further address the role of the clock in PDF neurons in the control of fat body lipid storage, we sought to measure triglycerides in response to other genetic manipulations that alter activity rhythms. Our lab showed previously that preventing tim cycling by over-expressing it in all clock neurons abolishes behavioral rhythms [22] . Over-expression of tim in PDF neurons alone does not eliminate rhythms altogether, but leads to an increased incidence of arrhythmia (Table 1) ; however, no change in fat body triglycerides was observed (Fig. 4A) . Additionally, no lipid phenotype was observed when the heat-sensitive Na + channel, dTRPA1, was used to increase excitability of the PDF neurons (Fig. 4B) , even though this manipulation resulted in an arrhythmic behavioral rhythm phenotype, similar to that seen when the bacterial Na + channel, NaChBac was expressed in the same neurons (Table 1 , [31] ). Together these data suggest that altering the function of the PDF neurons leads to increased fat body triglycerides, but the circadian function of these neurons may not be important for this purpose.
Increased feeding does not account for the increased lipid phenotype observed when PDF neuron function is altered
In addition to the storage of glycogen and lipids, feeding behavior is controlled by the circadian system [7, 15] . While recent evidence points to the fat body clock as a major circadian regulator of feeding in Drosophila, the contribution of the central clock to controlling feeding has not been addressed. Therefore, it is possible that the increased fat phenotype observed above is a result of increased feeding. To test this hypothesis, we measured food consumption over a 24-hr period in animals expressing CLKD, ClkRNAi, and Ab42ArcM in the PDF neurons. The total food intake of these animals was not higher than that of controls; in fact, the ClkRNAi flies had less food consumption than controls (Fig. 5) , indicating that increased feeding does not account for the high lipids observed in animals with altered clock neurons.
Discussion
In this study, we established a role for the PDF + circadian neurons in controlling lipid storage non-cell-autonomously in the fat body. The effects on lipid levels reported here are consistent with our previously published data on the control of glycogen levels by neuronal clocks [15] . In addition, we have identified specific neurons -those that house the central clock -that account for at least some of the neuronal effects on triglycerides. Given this apparent control of lipid metabolism by the circadian neurons, one might expect that fat body triglycerides would cycle throughout Activity rhythm data of 1-2 week old female flies. # Data were collected from flies that were housed at 27uC throughout the entire experiment. *p,0.05 assessed by one-way ANOVA followed by post-hoc Tukey test compared to Pdf-Gal4 only and UAS-ClkRNAi genotypes. doi:10.1371/journal.pone.0019921.t001
the circadian day, but data presented here show this is not the case. One possibility is that triglyceride cycling occurs, but cannot be detected with current methodology. Another possibility is that regulation of fat body triglycerides by multiple clocks prevents cyclic control that may be exerted by one clock alone. This would allow for maintenance of constant levels, which may be more beneficial for the organism. Finally, as noted below, the current study favors a non-circadian effect of the LNvs on fat body triglycerides, which would also explain the lack of cycling. The dominant-negative CLK protein data, and even the RNAi knockdown data, implicate the circadian clock in controlling lipid storage. This would be consistent with previous reports on the control of lipid metabolism by the circadian clock in mammals [6, 7] . However, we elicit a similar triglyceride increase when the Alzheimer's Disease-causing protein Ab42ArcM is expressed in the PDF neurons, and this manipulation has no effect on the central clock as evidenced by normal activity behavior (Table 1) . Conversely, expression of tim and dTRPA1 in the clock neurons affects circadian function by altering activity rhythms (Table 1) , but has no effect on fat body triglycerides (Fig. 4) . While it is possible that tim over-expression in PDF neurons alone is not strong enough to affect triglycerides (the effect on behavioral rhythms in this case is weaker than that of tim over-expression by the tim-Gal4 driver [22] ), and that dTRPA1 affects specific outputs from the neurons rather than the clock itself, a more likely scenario is that the circadian clock is not involved in eliciting the triglyceride phenotype described in this study. The effect of Clk shown here would then reflect a non-circadian function of this Figure 4 . Expression of tim and dTRPA1 in the PDF neurons has no effect on fat body triglycerides. (A) Triglyceride/protein ratios of fat bodies dissected from 4-7 day old Pdf-Gal4/UAS-tim and Pdf-Gal4/ UAS-tim; Pdf-Gal4/+ female flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ controls. Animals from each genotype were dissected at ZT8 and 20 and the values from the two time points were averaged. (B) Triglyceride/protein ratios of fat bodies dissected from 7-10 day old Pdf-Gal4/UAS-dTRPA1; Pdf-Gal4/+ female flies at ZT 0-2 and compared to Pdf-Gal4/+; Pdf-Gal4/+ controls at ZT 0-2. Each experiment was performed at least three times and values represent mean 6 SEM. The data in (A) were obtained from 120 animals and the data in (B) from 45 animals for each genotype. doi:10.1371/journal.pone.0019921.g004 Triglyceride/protein ratios of fat bodies dissected from 4-7 day old PdfGal4/+; UAS-Ab42ArcM/+ and Pdf-Gal4/+; Pdf-Gal4/UAS-Ab42ArcM female flies and compared to Pdf-Gal4/+; Pdf-Gal4/+ and UASAb42ArcM/+controls. Each experiment was performed at least three times and values represent mean 6 SEM. The data in (A) were obtained from 36 animals and the data in (B) from greater than 100 animals. *, # p,0.05 assessed by one-way ANOVA followed by post-hoc Tukey test compared to Pdf-Gal4 only and transgene only genotypes, respectively. doi:10.1371/journal.pone.0019921.g003
gene. Additionally, the major circadian output signal of LNvs, PDF, does not appear to be involved in the control of fat body lipids either as Pdf 01 mutants have normal triglycerides (Fig. 2E ). This is consistent with a recent study demonstrating that a PDFindependent factor mediates part of the complex rhythm observed when the electrical activity of the LNvs is altered [32] .
One outstanding question raised by this study is how the central clock neurons communicate with the fat body to regulate lipid metabolism. One possibility is that the circadian neurons regulate overall feeding behavior, which would then secondarily affect lipid storage. However, this mechanism seems unlikely, as expressing CLKD, ClkRNAi or Ab42ArcM in the PDF neurons increases fat body triglycerides but doesn't increase the amount of food consumed over a 24-hr period (Figs. 2, 3, 5) . Another potential mechanism is that the fat body receives signals from the brain to control lipid metabolism through direct neuronal connections. In mammals, the sympathetic nervous system innervates white adipose tissue and is thought to be a major initiating stimulus for lipid mobilization [33, 34] . A similar circuit might be present in Drosophila, although whether the fat body is innervated by the fly's nervous system is still unknown. A third possibility is that the PDF neurons or another neuronal population that receives signals from the PDF neurons produces a secreted factor that travels through the hemolymph and acts on the fat body to regulate lipid levels. While it seems that PDF is dispensable for controlling lipid levels since Pdf 01 mutants have normal triglycerides (Fig. 2E) , other peptides are expressed in the fly brain such as the insulin-like peptides (DILPs), the feeding peptide neuropeptide F (NPF), and a number of novel peptides whose functions are still unclear [35, 36, 37] . Recent studies showed that the PDF neurons express NPF, which based upon the role of NPF in regulating feeding and metabolism, could be a potential mediator of the lipid storage phenotype described here [36, 38, 39] . In any case, this study implicates the central clock neurons in controlling fat body triglycerides and demonstrates the utility of the Drosophila system to increase our understanding of the mechanisms whereby specific populations of neurons regulate lipid metabolism. Figure 5 . The effect of manipulating the PDF neurons on food consumption. Total food consumption over a 24-hour period of 4-7 day old Pdf-Gal4/UAS-ClkD; Pdf-Gal4/+, Pdf-Gal4/+; Pdf-Gal4/UASClkRNAi, and Pdf-Gal4/+; Pdf-Gal4/UAS-Ab42ArcM female flies and normalized to Pdf-Gal4/+; Pdf-Gal4/+controls. Each experiment was performed three times with at least 40 animals for each genotype. Values represent mean 6 SEM. * p,0.05 assessed by Student's t-test compared to Pdf-Gal4/+; Pdf-Gal4/+ controls. doi:10.1371/journal.pone.0019921.g005
